is a quantum interference effect arising from different transition pathways of optical fields. Within the transparency window, both absorption and dispersion properties strongly change, which results in extensive applications such as slow light and optical storage. Due to the ultrahigh quality factors, massive production on a chip and convenient all-optical control, optical microcavities provide an ideal platform for realizing EIT. Here we review the principle and recent development of EIT in optical microcavities. We focus on the following three situations. First, for a coupled-cavity system, all-optical EIT appears when the optical modes in different cavities couple to each other. Second, in a single microcavity, all-optical EIT is created when interference happens between two optical modes. Moreover, the mechanical oscillation of the microcavity leads to optomechanically induced transparency. Then the applications of EIT effect in microcavity systems are discussed, including light delay and storage, sensing, and field enhancement. A summary is then given in the final part of the paper.
Introduction and physical basis
Electromagnetically induced transparency (EIT) is a phenomenon in which an electromagnetic field controls the optical response of the material. It is first observed in gas-phase atomic medium [1, 2] , which predicts that the absorption of the three-level atomic ensembles is canceled in the presence of an auxiliary electromagnetic field. The phenomenon arises from the quantum interference effect, where the transition amplitudes of different pathways destructively interfere. The EIT effect has led to broad applications in optical and quantum information processing. In particular, the abnormal dispersion occurs with the opening of the transparency window, resulting in a dramatic reduction of the light group velocity, i.e. slow light [3, 4] . It even enables the complete stop of the propagating optical pulse, meaning that the light pulse can be stored in the atomic ensembles [5, 6] . The slow and stopped light is important in optical networks [7] for implementing optical buffer, and it is also applicable for quantum networks [8] in building quantum memory [9, 10] . Some reviews on EIT in atomic systems can be found in Refs. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
The basic principle of EIT is illustrated in Figure 1 . The energy levels of a lambda-type three-level atom is plotted in Figure 1A , where state |1〉 is the ground state, state |2〉 is a metastable state, and state |3〉 is an excited state. Correspondingly, the radiative decay rate of state |3〉 is much larger than that of state |2〉 (Γ 3  Γ 2 ). The transitions |1〉-|3〉 and |2〉-|3〉 are dipole-allowed transitions, while |1〉-|2〉 is dipole-forbidden transition. The control field couples state |2〉 and state |3〉, and the probe field couples state |1〉 and state |3〉. Without the control field, the probe field is absorbed by the atom via the |1〉-|3〉 transition when on resonance, and thus the atomic medium is opaque to the probe field. In the presence of the strong control field, quantum interference occurs, and the atomic medium becomes transparent to the probe field.
To understand the quantum interference in EIT, there are two alternative and equivalent pictures: bare state picture and dressed state picture. In the bare state picture, to excite state |3〉, there are two different excitation pathways: directly via the |1〉-|3〉 pathway or indirectly via the |1〉-|3〉-|2〉-|3〉 pathway. As the control field is more intense than the probe field, and the decay rate of state |2〉 is small, this indirect pathway has a probability amplitude that is of comparable magnitude to the direct pathway. For resonant fields, the coupling from |3〉 to |2〉 leads to π/2 phase shift, and the coupling from |2〉 to |3〉 leads to another π/2 phase shift. Therefore, the probability amplitude of the indirect excitation pathway has a π phase shift compared with the direct excitation pathway, resulting in destructive interference, and thus the transitions are canceled. Note that the field detuning will modify the phase shift, and in this case, the phase difference for the two excitation pathway is not exactly π, which leads to Fano-type lineshape [21] for the transmission of the probe field.
In the dressed state picture, the strong control field couples state |2〉 and state |3〉, leading to two dressed states ( Figure 1B ), which effectively decays to the same continuum [2, 22, 23] . When the probe field is resonant to the |1〉-|3〉 transition, the contributions from the two dressed states are equal but with an opposite sign, leading to the cancelation of the response, which is a Fano-like interference of the decay channels.
In the following, some formulas are presented to describe the EIT/Fano effect. Using the quantum jump approach [24, 25] , the effective system Hamiltonian is given by 
where σ jk = |j〉〈k| is the atomic projection operator (j, k = 1, 2, 3), Δ 1 = ω p - ω 13 is the probe field detuning with respect to |1〉 - |3〉 transition, and Δ 2 = ω c - ω 23 is the control field detunings with respect to |2〉 - |3〉 transition, Ω c and Ω p represent the control and probe field strengths. In the Shrödinger picture, the equations of motion for the probability amplitude of the atom at state |k〉 (k = 1, 2, 3) are given by * * = −
shows that the interference effectively reduces the probability of the atom at state |3〉, which indicates that light is less absorbed by the atoms, corresponding to a transparency window in the transmission spectrum. The EIT/Fano effect discussed above requires gasphase three-level atoms, which greatly limits its applications. One recent fascinating development is the realization of EIT/Fano effect in solid-state optical microcavity systems and nanoscale plasmonic and metamaterial structures [59] [60] [61] [62] [63] [64] [65] [66] [67] . These optical systems possess resonant modes, which play the roles of the atomic energy levels. Most importantly, the optical microcavity systems allow for on-chip integration and room-temperature operation, and the resonant modes can be tuned to almost any wavelength range. With the rapid development of the micro/nano fabrication techniques, optical microcavities with ultrahigh quality factors (Q) and small mode volumes are widely studied [68] [69] [70] , which have sought applications ranging from fundamental physics to applications, such as cavity quantum electrodynamics [71, 72] , nonlinear optics [73] , low-threshold microlasing [74] , and biosensing [75] [76] [77] [78] [79] [80] [81] [82] .
In the microcavity system, the EIT/Fano effect involves two optical modes. The field of the first (second) cavity mode corresponds to the probability amplitude of the atom at the excited (metastable) state. The coupling between the two cavity modes corresponds to the control field, and the input of the first cavity mode corresponds to the probe field. The effective Hamiltonian of the system is given by
where a 1 and a 2 are the field operators of the two cavity modes, J is the coupling strength between the two cavity modes, κ 1 and κ 2 are the decay rates of the two cavity modes, and Δ 1 = ω p - ω 1 and Δ 2 = ω p - ω 2 are the detunings of the probe field with respect to the first and second cavity modes, respectively. The equations of motion for the field of the cavity modes are given by
Then the steady-state solution is given by
From the above derivations, we find that EIT in optical microcavities exactly matches that in atomic systems. By comparing Eqs. (3) and (6), we obtain the following direct correspondence: Ω c ↔ J, Γ 3 ↔ κ 1 , and Γ 2 ↔ κ 2 . In optical cavity systems, another natural approach to understand EIT is the bright and dark mode description. The first cavity mode corresponds to the bright mode, which can couple to the external field; the second cavity mode plays the role of a dark mode, which only couples to the first cavity mode but does not couple to the external field. This description is in equivalence to the three-level explanation.
Using the input-output relation, the transmission can be obtained as
where we have assumed critical coupling for J = 0 case. The EIT transparency window can be further described by a Lorentzian lineshape written as
where C = 4J 2 /(κ 1 κ 2 ) is the cooperativity parameter. From Eq. (8), we can obtain the full width at half maximum (FWHM) of the transparency window Γ EIT = (C + 1)κ 2 , and the peak value of transmission T max = C 2 /(C + 1)
2 . The group delay τ = -dφ/dω at the transparency window is given by τ 0 = 2/[(C + 1)κ 2 ] = 2/Γ EIT . Therefore, the cooperativity C is an important parameter, which characterizes the properties of EIT window. To observe EIT phenomenon, it requires C  1.
In Figure 2 , typical intracavity field intensity and phase shift are plotted. The two cavity modes are assumed to have the same resonance frequency but different decay rates (κ 2 = 0.01κ 1 ). Without the coupling between the two cavity modes (blue dashed curves), the field intensity has a Lorentzian lineshape, and the phase shift changes slowly when the probe laser frequency scans through the resonance. With the coupling between the two cavity modes (red solid curves), EIT effect occurs, which is manifested by a sharp window in the Lorentzian lineshape of the field intensity and an abrupt change of the phase shift near the EIT window. One may see that this EIT lineshape is somewhat similar to the Autler-Townes splitting phenomenon with two spitted resonances. However, EIT and Autler-Townes splitting phenomena are essentially different, with the differences extensively discussed recently [83, 84] . To realize such EIT/Fano effect, the most direct method is to use coupled cavities. Typical coupled-cavity systems are plotted in Figure 3 , including Fabry-Pérot (FP) cavity system, whispering-gallery mode (WGM) cavity system, photonic crystal cavity system, and plasmonic cavity system. An alternative approach is employing one single cavity, which simultaneously supports two optical modes with intermode coupling. Moreover, by making use of the mechanical motional degree of freedom, EIT/ Fano effect can be realized in optomechanical systems with an optical mode coupled to a mechanical mode. The following parts of the review are organized as follows. In Section 2, we provide an introduction on all-optical EIT in coupled microcavities; in Section 3, the topic of all-optical EIT in a single microcavity is reviewed; in Section 4, we discuss recent progresses on optomechanically induced transparency. In Section 5, the potential applications are discussed. Finally, a summary is presented in Section 6.
All-optical EIT in coupled microcavities
In coupled cavities, the coupling between modes from different cavities produces EIT/Fano resonance. In this section, we will review EIT/Fano resonance in several different cases, including FP cavity coupled with a WGM cavity, Mach-Zehnder interferometer (MZI) coupled with WGM cavity, directly coupled WGM cavity system, indirectly coupled WGM cavity system via two parallel waveguides, and indirectly coupled WGM cavity system via one single waveguide.
The earliest study on EIT/Fano resonance in microcavity system was introducing an FP cavity in the waveguide, which is coupled to the WGM cavity. In 2002, Fan proposed to use two partially reflected elements in the coupling waveguide as the FP cavity to generate the coupling between FP and WGM cavities to produce Fano resonance [26] , as shown in Figure 4A and B. Later in 2003, Chao and Guo [27] fabricated a polystyrene microcavity using nanoimprint method and made an FP cavity by introducing two offsets in the polystyrene waveguide. They observed the Fano resonance induced by the coupling between the FP cavity and the WGM cavity and realized Fano resonance enhanced biosensing. In 2006, Liang et al. also observed EIT resonance in an FP-WGM coupled cavities by introducing a Bragg grating in the coupling fiber [28] , as shown in Figure 4C and D. Lu et al. proposed an MZI structure with one arm coupled with a microcavity resonator to produce tunable Fano resonance and studied the bistability in this structure. And then Zhou et al. demonstrated the Fano resonance engineered add-drop filter in an MZI with one arm coupled with a silicon ring resonator and the other arm driven by a bias voltage [30] , as shown in Figure 4E and F.
In two or more WGM microcavities, modes from different cavities can also directly couple with each other through their evanescent field and produce EIT/Fano resonance. In 2004, Smith et al. theoretically studied the EIT resonance in a multiple directly coupled cavity system [31] , as shown in Figure 5A . Then in 2005, Naweed et al. observed EIT resonance in two directly coupled silica microspheres [34] , as shown in Figure 5B . In 2007, Totsuka et al. experimentally studied the slow light effect when EIT resonance appears in two directly coupled microsphere system ( Figure 5C ) [36] .
In directly coupled cavity case, the distance between cavities needs to be very precisely controlled, while different cavities can also be indirectly coupled through the coupling waveguide, without the requirement of controlling the distance between cavities. In 2006, Xu et al. studied the EIT resonance in two silicon ring resonators indirectly coupled through two parallel waveguides [37] (Figure 6A) , and in 2007, they investigated the slow light effect in this structure [38] . In 2007, Xiao et al. further studied the EIT effect in multiple-cavity system also indirectly coupled through two parallel waveguides [43] . Their result showed that N indirectly coupled microcavities produce N - 1 EIT frequency transparency windows in the transmission spectrum, as shown in Figure 6B .
In the abovementioned indirectly coupled cavity systems, two parallel waveguides are required to induce the coupling between cavities by making the optical field reflecting back and forth along the waveguides between cavities. If the cavities can couple to the waveguide to both directions, e.g. for standing wave cavities, then one waveguide can also induce the indirect coupling between different cavities. In the view of experimental fabrication, this will greatly decrease the complexity. In 2008, Xiao et al. [39, 40] used transfer matrix method to study the physical origin of Fano resonance produced by two cavities indirectly coupled through one side-coupled waveguide. They further discussed the capability of using the Fano resonance to enhance the sensitivity of biosensing, showing that the sensitivity can be enhanced by 12 times benefiting from the sharp slope in the transmission spectrum [40] ( Figure 7A ). In 2010, Xiao et al. studied the same coupled cavity system using coupled mode theory and explained the physics of the Fano resonance more intuitively. They also proposed to use the intensity change of the absorption dip of the Fano resonance as the sensing signal [41] ( Figure  7B ). It showed that the transmission or reflection spectra exhibit periodic change when the distance between the two cavities changes, as the accumulated phase of the light propagating in between the two cavities changes periodically. To realize the indirectly coupled cavity system via a single waveguide, Li et al. demonstrated a free WGM microdisk coupled with a microtoroid through a fiber taper [42] . In order for this, they etched the silicon pedestal of a microdisk to be smaller than 5 μm, then used a three-dimensional nano-stage to control the microdisk to approach a fiber taper. Then the disk can be separated from its silicon pedestal and stick to the fiber taper through Van der Waals force, as shown in Figure 7C . Then another toroid cavity can be directly coupled to the same fiber taper. In this system, the position of the microdisk is fixed and that of the toroid can be controlled by the nano-stage. As a result, the distance L between the two cavities can be adjusted, which will engineer the coupling strength between the two cavities. As shown in Figure 7D , the transmission spectrum of the microdisk/microtoroid coupling system changes periodically between a Lorentz dip and an asymmetric Fano lineshape, when the distance L is adjusted.
All-optical EIT in a single microcavity
In a single microcavity, different optical resonance modes are originally orthogonal and do not couple with each other. However, indirect coupling can be induced by the coupling waveguide, thus producing EIT or Fano resonance through the interference between two different pathways associated with the two optical modes. And in the perspective of experiment, realization of EIT/Fano resonance in a single microcavity greatly decreases the experimental complexity compared with that in coupled cavity systems. In this section, we first talk about some experimental results of EIT/Fano resonance in a single microcavity and then introduce a theoretical model to explain the physics of the EIT/Fano resonance in a single microcavity. 
Experimental realization of EIT in a single microcavity
Realization of EIT/Fano resonance in a single microcavity requires two spectrally overlapped optical cavity modes to couple to each other. The first experimental demonstration of EIT resonance in a single microcavity was done in a polydimethylsiloxane (PDMS)-coated silica microtoroid by Xiao et al. [44] . They fabricated the microtoroid using the standard photolithography, XeF 2 etching, and CO 2 laser reflow process, as was done in Ref. [77] . Then they coated the microtoroid with a layer of PDMS using the method introduced in Ref. [85] . The PDMS layer is used to thermally tune two different optical modes on-resonance, as WGMs in such a coated microtoroid have distinct thermal response, red-shifting or blue-shifting with temperature increasing, depending on the ratio of light energy distributing in the silica core and the PDMS cladding layers. As a result, two WGMs in a single microcavity, which are originally separated in the spectrum, can experience different frequency shifts with the same temperature variation and be tuned on resonance. As shown in Figure 8A , when the two modes are separated, the transmission spectrum exhibits two separated Lorentzian dips, and when they are spectrally overlapped by temperature tuning, a sharp transparency window appears at the frequency of the high-Q resonance. Dong et al. also observed similar EIT resonance in a pure silica spherical cavity without coating [45] . In microspheres, more optical modes are supported and it is easier to find two spectrally overlapped modes. In this work, they changed the frequency detuning between the two modes through changing the coupling strength between the cavity and the fiber taper by adjusting the distance between them. This is because changing the coupling strength can alter the effective refractive indices of the two modes differently. Figure 8B shows the transmission spectra with the transparency window appearing at different frequencies with different taper-cavity distance. Li et al. [46] then experimentally observed both EIT and Fano resonance lineshapes in a pure silica toroidal cavity when a high-Q and a low-Q optical modes are simultaneously excited through a fiber taper. They found that the EIT and Fano lineshapes can convert to each other when changing the coupling strength between the fiber taper and the cavity by adjusting the taper-cavity gap distance, as shown in Figure 8C . When both the high-Q and low-Q modes are over-coupled, the transmission spectrum exhibits a Fano lineshape, and when the high-Q mode is over-coupled and the low-Q mode is under-coupled or critical-coupled, the transmission spectrum shows an EIT lineshape. Very recently, EIT resonance was also observed in a microbubble resonator coupled with a fiber taper by pressure tuning to make the two optical modes overlap [47] , with the result shown in Figure 8D . Another type of Fano resonance in a single microcavity was also realized through a single cavity mode coupled with a multi-mode waveguide [48] . In this work, multimode waves propagating in a 2.3-μm-diameter taper were coupled with a single WGM in a 220-μm sphere and their coherent interaction resulted in Fano resonance ( Figure 9A ). The asymmetric lineshape of the transmission spectrum changed periodically when scanning the coupling position along the taper, as shown in Figure 9B . The observed 24-μm period was due to the modal dispersion in the tapered fiber.
Theoretical analysis of all-optical EIT in a single microcavity
In this section, we theoretically analyze the physics of the EIT/Fano resonance in a single cavity. The first case introduced in Figure 8A -D in the previous section includes two different optical modes in the same cavity coupled to a waveguide mode. While the second case, introduced in Figure 9 , is slightly different, which includes a single cavity mode and two different waveguide modes, the essential physics of the Fano resonance is the same. In this section, we introduce the theoretical model to explain the physics of EIT/Fano resonance in a single cavity, for the first case. The taper-cavity coupling system is schematically illustrated in Figure 10A , in which a 1 and a 2 denote the high-Q and the low-Q mode, respectively. The polarizations of the two modes are slightly different, as WGMs are quasi-TE/TM modes and usually they are not exactly parallel or perpendicular to each other [86] . γ 1 (γ 2 ) and κ 1 (κ 2 ) represent the intrinsic damping rate and the coupling rate of the high-Q (low-Q) mode, respectively. The waveguide mode c, with an angle θ with a 1 , can be decomposed into two orthogonal modes c 1 and c 2 , with c 1 being parallel to the polarization of a 1 , and a 2 has an angle ϕ with a 1 , as shown in Figure 10B . The Hamiltonian describing this coupling system can be expressed as 
where the first two terms represent the free Hamiltonian of the cavity modes (a 1 and a 2 ) and the waveguide mode (containing two orthogonal modes c 1 and c 2 ), respectively, and the last three terms describe the coupling between the waveguide mode and the cavity modes with κ j (ω) (j = 1, 2h, 2v) as the coupling constant. As the coupling region is small, we have assumed that κ κ ϕ = 
Here we have assumed that κ ω
under the first Markov approximation [87] , and the intrinsic loss of the cavities have been taken into account. Solving these coupled-mode equations, we can obtain the time-evolution equations for the cavity modes:
( ) In a bare cavity, different WGMs are orthogonal and have no direct interaction. However, these two modes can interact indirectly through the taper. From Eq. (11), we find that the taper waveguide does induce an indirect coupling between the two WGMs, with the strength of κ κ 1 2 . h The interference between the two optical pathways associated with the two modes simultaneously excited in the resonator produces the EIT/Fano resonance. The different transmission lineshapes are mainly determined by γ j , κ j and ω j (j = 1, 2). From both experimental and theoretical results, we can see that when both the high-Q and low-Q modes are over-coupled, the transmission spectrum exhibits a Fano lineshape (as shown in the upper first plot in Figure 8C , as an example), while when the high-Q mode is over-coupled and the low-Q mode is under-coupled or critical-coupled, EIT lineshape forms (as shown in the middle and bottom plots in Figure 8C ). Also the polarization of the input waveguide mode c changes the coupling κ κ
2
h between the two optical cavity modes, as κ 2 h will change when the incidence polarization is rotated.
Except for the taper-cavity coupling strength and the polarization of the incident light, the frequency detuning of these two modes also affects the output field. For simplicity, we consider the case that the two cavity modes and the incident light all have the same polarization. When the detuning is much larger than the linewidth of the low-Q mode (Δω  γ 2 + κ 2 ), they have no interaction, and there are two separate dips in the transmission spectrum. When the detuning is smaller than the linewidth of the low-Q mode (Δω < γ 2 + κ 2 ), these two modes begin to interact with each other, and the Fano lineshape forms. With further decrease of the frequency detuning, the interaction between the two modes becomes stronger, and the Fano lineshape has larger on/off contrast, as shown in the upper first three plots in Figure 11A . However, when the detuning decreases to zero, the Fano lineshape converts into an EIT lineshape, as shown in the bottom plot in Figure 11A . This can be understood by looking at the phase difference of these two modes (arg(a 1 ) - arg(a 2 )), shown in Figure 11B , with the four plots corresponding to the conditions in the four plots in Figure 11A , respectively. As shown in the upper first three plots in Figure 11B , when ω < ω 1 , the phase difference is around zero, so the transmission is nearly the summation of these two transmission fields. While for ω > ω 1 , the phase difference is approximately π, so the transmission becomes the subtraction of the two transmission fields. Therefore, at the high-Q mode resonant frequency, it exhibits a peak on the left and a dip on the right (an asymmetric Fano lineshape). When the detuning decreases to zero, it becomes a different case. As shown in the last panel in Figure 11B , before and after the resonant frequency of the high-Q mode, the phase differences are − π/2 and π/2, respectively. Therefore, the transmission lineshape is symmetric bilaterally about the high-Q mode resonant frequency. Moreover, as the low-Q mode has a very wide absorption resonant region, it allows the two cavity modes to have a relatively large detuning.
Optomechanically induced transparency
Analogously, optomechanically induced transparency (OMIT) is a phenomenon that occurs in cavity optomechanical systems. Cavity optomechanics is an emerging field exploring the interaction between light and mechanical motion in a cavity, which has found broad applications in testing macroscopic quantum physics, high-precision measurements, and quantum information processing [88] [89] [90] [91] [92] [93] . The optomechanical interaction originates from the mechanical effect of light, i.e. optical force, which includes two major categories: radiation pressure force (or scattering force) and optical gradient force (or dipole force). Various experimental systems existing such interactions are proposed and investigated, including FP cavities [94, 95] , whispering-gallery microcavities [96] [97] [98] [99] , microring cavities [100] , photonic crystal cavities [101] [102] [103] [104] , membranes [105] [106] [107] [108] , nanostrings [109] , nanorods [110] [111] [112] , hybrid plasmonic structures [113] , optically levitated particles [114] [115] [116] [117] [118] [119] [120] , cold atoms [121] [122] [123] , and superconducting circuits [124] . The phenomenon of OMIT was theoretically predicted by Agarwal and Huang [125] and further analyzed for optical pulse storage [126] . It was experimentally observed in a microtoroid system [127] , a photonic crystal system [128] , a superconducting circuit cavity optomechanical system [129] , and a membrane-inthe-middle system [130] . The sketch of a generic cavity optomechanical system is plotted in Figure 12 . It shows a Fabry-Pérot cavity consisting of a fixed mirror and a movable mirror mounted on a spring. Because of the radiation pressure force, the optical cavity mode couples to the mechanical oscillation mode of the movable mirror. Using a strong driving field (control field) and a weak probe field, the system can be described by the Hamiltonian control and probe field strengths, ω c and ω p are the corresponding laser frequencies. The probe field is assumed to be much weaker than the control field, i.e. Ω p  Ω d , so that the probe field does not affect the system dynamics. First, let us calculate the steady-state response in the frame rotating at the driving laser frequency ω d , with the absence of the probe field. The equations are given by
where α and β are the steady-state values of a and b, Δ = ω d - ω c is the drive-cavity detuning, Δ′ = Δ - g(β + β * ) is the optomechanical-coupling modified detuning, κ is the cavity dissipation rate, and γ is the mechanical dissipation rate.
Next we consider the response after introducing the probe field. As the probe field is weak, the additional response is small. We use the decomposition a → α + a 1 and b → β + b 1 , where a 1 and b 1 are small compared with α and β, respectively. By applying linearization, it yields the following equations:
where G = gα is the coherent intracavity field enhanced optomechanical coupling strength. Note that here, a 1 and b 1 are classical mean values. From Eqs. (5) and (14), we can see that this is similar to the coupled-cavity case, except that the counter-rotatingwave terms appear. In the resolve sideband limit ω m  κ, the counter-rotating-wave terms can be neglected. In the frame rotating at the probe laser frequency ω p , we obtain
It is clear that the intracavity field has the same form as shown in Eq. (6) . In this case, the control field plays the role of the coupling between the two cavity modes, and the mechanical mode plays the role of the second cavity mode.
Except for the double-pathway interference interpretation, the physical origin of OMIT can also be understood as follows. The beat of the probe field and the control field induces a time-varying radiation-pressure force with beat frequency Δ p . Then the mechanical resonator is driven resonantly when the beat frequency matches the mechanical resonance frequency, i.e. Δ p = ω m . Subsequently, the mechanical oscillation leads to the creation of sidebands of the optical field. Considering strong control field and resolved sideband limit, the dominate sideband has the same frequency as the probe field ( Figure 13 ). These processes are coherent, leading to interferences between the sideband and the probe field. Such destructive interference leads to the cancelation of the intracavity field, resulting in a transparency window in the transmission.
In Ref. [127] , OMIT is demonstrated in a microtoroidal cavity optomechanical system ( Figure 14A) . The system supports a mechanical mode with resonance frequency of 51.8 MHz and decay rate of 41 kHz, and the optical decay rate is 15 MHz, which satisfies the resolved sideband condition. A Ti:sapphire control laser with frequency ω l is modulated at frequency Ω using a broadband phase modulator, which creates two sidebands at ω l ± Ω. By keeping the control laser detuned to the lower motional sideband of the cavity, i.e. ω l - ω c = − ω m , the upper sideband at ω l + Ω acts as the probe field, while the lower sideband at ω l − Ω can be neglected in the resolved sideband regime. A sweep of the modulation frequency Ω scans the probe field through the cavity resonance, and the transmission properties are shown in Figure 14B . The OMIT window is apparent in the intracavity probe power, and the excitation of the intracavity probe field is suppressed. By varying the control laser detunings, OMIT window still occurs, as long as the two-photon resonance condition is met. Increasing the power of the control field leads to the increase of the depth and width of the OMIT dips. The experiments show that the width of the OMIT dips and the peak value of transmission agree with the theoretical predictions. In Ref. [128] , OMIT is demonstrated in a photonic crystal nanobeam cavity optomechanical system ( Figure 14C ). The optical wavelength is in the telecommunications band (1550 nm), the single-photon optomechanical coupling rate is 800 kHz, the resonance frequency of the mechanical mode is 3.75 GHz, and the intrinsic optical decay rate is 290 MHz, which is in the resolved sideband regime. The mechanical intrinsic damping rate of 250 kHz at temperature T = 8.7 K, corresponding to a mechanical Q-factor of 1.5 × 10 4 . As shown in Figure 14D , the reflection spectra of the signal beam exhibit EIT lineshape with sharp and tunable dips.
In Ref. [129] , OMIT is demonstrated in a superconducting circuit cavity optomechanical system in the microwave region ( Figure 15A ). The microwave cavity resonance frequency is 7.5 GHz, the cavity decay rate is 170 kHz, the mechanical resonance frequency is 10.69 MHz, and the mechanical decay rate is 30 Hz, corresponding to a mechanical Q factor of 3.6 × 10
5
. The microwave cavity transmission is shown in Figure 15B . As the drive strength increases, the EIT windows appears. In the experiments, it is able to drive the cavity strongly, finally leading to the normal mode splitting.
In a membrane-in-the-middle cavity optomechanical system, OMIT is demonstrated at room temperature [130] ( Figure 15C ). The input laser operates at a wavelength of 1064 nm, the empty cavity finesse is 6 × 10 4 , and the fundamental membrane vibrational mode has a resonance frequency of 355.6 kHz and a quality factor of 1.22 × 10 5 .
In the experiment, the intensity and the phase shift of the beat signal between the transmitted pump and probe fields are measured ( Figure 15D) , which reflects the transparency window created by the interference. For OMIT, If the control field is on resonance with the upper sideband, i.e. Δ′ = ω m , then the optical signal in the probe beam is amplified [128, [132] [133] [134] . This effect is referred to as electromagnetically induced absorption (EIA) [135] . In this case, the interference is constructive instead of destructive. Taking the nonlinear effects into consideration, higher order sidebands will also appear in the transmission spectrum [136] [137] [138] [139] [140] .
Another kind of induced transparency in cavity optomechanical systems involves one optical mode and two mechanical modes. In Ref. [141] , Lin et al. demonstrate the so-called optically induced mechanical transparency in a double-microdisk WGM cavity ( Figure 16A ) and a zipper nanobeam photonic crystal cavity ( Figure 16B ). This originates from the internal mechanical coupling between two mechanical modes, as sketched in Figure 16C . One of the mechanical mode is broadband (lossy) flapping mode, while the other mechanical mode is long-lived breathing mode, which is similar to the coupled-cavity case in the all optical domain ( Figure 16D ). Therefore, the mechanical motion of the lossy flapping mode is excited along two different pathways, either directly into the lossy flapping mode or indirectly through the lossy flapping mode, into the long-lived breathing mode, and then back again into the lossy flapping mode. The two excitation pathways interfere with each other, leading to the EIT-type spectral response. In Ref. [142] , Massel et al. investigate a multimode circuit cavity optomechanical system having three degrees of freedom, consisting of a microwave cavity and two micromechanical beams with closely spaced frequencies and no direct interaction ( Figure 16E ). Similar OMIT spectra can be observed in such a three-mode system ( Figure 16F ).
More recently, the study of OMIT has attracted much attentions. Huang and Agarwal [143] studied OMIT when the probe field is a squeezed field instead of the ordinary coherent field. They also studied OMIT in a quadratically coupled optomechanical systems where two-phonon processes occur [144] . Dong et al. studied the transient phenomenon of OMIT [145] and OMIT with Bogoliubov mechanical modes [146] . Dong et al. [147] and Kim et al. [148] experimentally demonstrated the Brillouin-scattering-induced transparency and non-reciprocal light storage. Ma et al. [149] studied OMIT in the mechanicalmode splitting regime. Yan et al. [150] investigated the amplification and transparency phenomena in a doublecavity optomechanical system. Jing et al. [151] studied OMIT in a parity-time symmetric microcavity with a tunable gain-to-loss ratio. Schemes for ground-state cooling of mechanical resonators using the EIT interference have also been proposed [152] [153] [154] [155] [156] [157] .
Applications
The EIT effect in optical microcavities has found applications in various fields. The most prominent application is light delay and storage, where light is slowed down or even stopped. Moreover, compared with a single resonance mode, the EIT lineshapes have more sharp peaks, which are desirable in sensing applications. In addition, EIT enables the enhancement of optical field and thus is promising for enhanced light-matter interaction, e.g. optical force enhancement. In this section, we will briefly introduce these applications.
Light delay and storage
The abnormal dispersion accompanied with the transparency window leads to a reduction of the light group velocity, creating slow light. This is extremely useful for light delays and all-optical buffer. Particularly, when the group velocity is reduced to zero, light is effectively stopped, which can be used to perform optical storage. The light delay and storage have been studied extensively using atomic systems [3] [4] [5] [6] after the observation of atomic EIT. Notably, EIT in optical microcavities provides a room-temperature, chip scale, and solid-state platform for realizing light delay and storage. In 2007, Totsuka et al. performed optical pulse propagation experiments in coupled microsphere system and observed a delay of 8.5 ns in the transparency window [36] . In 2011, SafaviNaeini et al. demonstrated the slow light in a photonic crystal cavity optomechanical system, with a maximum measured transmission delay of 50 ns, corresponding to a group velocity of 40 m/s 2 [128] . Note that increase of the group velocity (fast light) can also be realized by designing an abnormal dispersion region, but in this case, the wave packet distortion should be carefully considered, and one can find that the energy propagation velocity is always less or equal to the velocity of light in vacuum.
One serious limitation of the slow light application is the delay-bandwidth constraint. In principle, traditional EIT system cannot realize large optical delay and large bandwidth simultaneously. The group delay is inversely proportional to the bandwidth within the delay that occurs, thus the delay-bandwidth product is a constant. Much efforts have been done to break this limit. In 2004, Yanik et al. proposed to dynamically modulate the refractive index to generate arbitrarily small group velocity for any light pulse with a given bandwidth. Using coupled cavity arrays [51] or waveguide-coupled cavity system [32] , they showed that light pulses can be finally stopped and stored coherently with an all-optical adiabatic and reversible pulse bandwidth compression process ( Figure 17A and B). In 2007, Xu et al. [38] reported the demonstration of light storage using fast electro-optical tuning of the resonator refractive index, with storage times longer than the bandwidth-determined photon lifetime of the static device.
Sensing
The EIT transparency windows typically have much narrower linewidth compared with the background, which is preferred for sensing applications. The narrow linewidth ensures that a small variation of the environment will result in a significant change of the peak position. Therefore, precise sensing can be realized by monitoring the change of the EIT peak. This is particular useful for EIT in plasmonic systems, where the spectrally narrow dark mode cannot directly excited by the plane wave [63] . In 2010, Liu et al. [158] have demonstrated the sensing of the environmental refractive index change using EIT in a planar plasmonic system. Utilizing a cut-out structure on a gold film with a slot dipole antenna supporting bright mode and a slot quadrupole antenna supporting dark mode, they achieved a sensitivity of 588 nm/RIU and a figure of merit of 3.8, which are among the highest values for nanostructure plasmonic sensors (Figure 17C and D) . For future applications, the EIT effect is also promising for biosensing applications, for example, measuring the mass concentration of DNA, proteins, and glucose. 
Field enhancement
For a waveguide-coupled whispering-gallery mode cavity, the coupling between the waveguide and the cavity has two different roles. On one hand, this coupling guides the input light into the cavity, thus in this sense, strong intracavity field requires a large waveguide-cavity coupling rate. On the other hand, this coupling also results in the dissipation of the light in the cavity, so for this reason, a small waveguide-cavity coupling rate ensures strong intracavity field. Therefore, the waveguide-cavity coupling has a trade-off between coupling light into and out of the cavity, and finally, the intracavity field is limited by this trade-off. The EIT effect can solve this problem by separating these two contradictory roles. In the EIT system, the waveguide-cavity coupling does not strongly affect the linewidth of the EIT transparency window. Near the transparency resonance, the dissipation is small due to destructive interference of the two decaying amplitudes. Therefore, by introducing EIT in the cavity, a large waveguide-cavity coupling rate increases the coupling of light into the cavity but does not increase the coupling of light out of the cavity. This is very useful for field enhancement, which can strongly enhance the light-matter interaction. In 2012, Intaraprasonk and Fan have shown the enhancement of waveguide-cavity optical force [159] . They find that the EIT effect leads to a drastically enhanced optical force significantly beyond that in conventional waveguide-cavity system without EIT ( Figure 17E and F).
Summary
In this review article, we mainly focus on EIT in optical microcavity systems, with topics including EIT in coupled cavities, EIT in a single microcavity, and EIT in the cavities involving mechanical motion. We have explained the physics involved in EIT/Fano effect and the quantum interference. The similarities and differences for EIT in different systems are also discussed. Different from the traditional EIT using atomic ensembles, optical microcavities provides a solid-state platform for controlling the light propagation and even enable on-chip manipulation of photons. This provides the most fascinating applications for on-chip optical and quantum information processing like light delay and storage, and it also enables high-sensitivity detection and strong field enhancement. Meanwhile, some critical challenges remain to be solved, e.g. increasing the optical delay, enlarging the bandwidth, breaking the limit of delay-bandwith product, and exploring more applications in enhanced light-matter interaction.
